Temperature-programmed desorption (TPD) and in situ Fouriertransform infrared (FT-IR) spectroscopic methods were employed to investigate the effect of loading and sample temperature on the state of benzene molecules inside the channels of NaZSM-5 zeolite. TPD profiles revealed the existence of at least three distinct states of benzene adsorption, characterized by desorption peak maxima at ca. 120 ο C, 170 ο C and 220 ο C, respectively. Based on the growth behaviour of these bands, it is suggested that the benzene molecules occupy sinusoidal channels, straight channels and external surfaces, in that order.
INTRODUCTION
Being a non-polar molecule with dimensions similar to that of the channel openings of ZSM-5, benzene is an attractive candidate for the study of the adsorption of hydrocarbons in these zeolites. Employing the techniques of quasi-elastic neutron scattering (QENS) and in situ Fouriertransform infrared (FT-IR) spectroscopy, we recently demonstrated that the molecules of benzene exist in a condensed state when adsorbed in the pores of ZSM-5 zeolite at room temperature and at higher loadings (> 3 molecules/unit cell) . It is envisaged that the benzene molecules confined in the zeolitic cavities experience a strong intermolecular interaction, and that at least two distinct clustered states of benzene may exist at different channel locations in ZSM-5. Furthermore, the benzene clusters are found to rotate freely inside the channels with no significant binding with the framework or extra-framework zeolitic sites. The influence of charge-balancing cations on the pore size of ZSM-5 and ultimately on the entrapment *Author to whom all correspondence should be addressed. E-mail: nmgupta@magnum.barc.ernet.in. of benzene molecules has also been elaborated on in one of the earlier publications .
We also demonstrated that the mode of this inter-molecular interaction and the translational and rotational motions of entrapped molecules are likely to undergo considerable changes on occlusion in materials of different pore sizes and structure (Sahasrabudhe et al. 2002; Mitra et al. 2002) . In continuation of these studies, we have now performed temperature programmed desorption (TPD) and FT-IR spectroscopy studies with the objective of investigating the state of encapsulated benzene molecules as a function of loading and their transport behaviour with temperature elevation.
EXPERIMENTAL
A template-free NaZSM-5 sample (SiO 2 /Al 2 O 3 = 40; surface area = 328 m 2 /g; pore volume = 0.26 m 3 /g) was obtained from the Research and Consultancy Directorate, ACC Ltd., India. The XRD pattern of the sample showed prominent reflections at d-values of 3.84, 3.74 and 3.62 that match with the typical data reported for ZSM-zeolite. No extraneous impurity phases were detected. The benzene employed was of A.R. purity as supplied by Aldrich and was distilled prior to use.
Measurements of the temperature programmed desorption were performed on a TPDRO-1100 analyzer (Thermoquest, Italy) coupled to a Balzer's quadrupole mass spectrometer. A 50 mg aliquot of a sample (grain size, 100-250 µm) was loaded in the quartz reactor (bed length, ca. 2 mm) and preheated in a helium gas flow (flow rate, 20 ml/min), first at 300 ο C for 4 h and then at 600 ο C for 16 h. Benzene loading on this pretreated sample was accomplished by injecting a required number of successive 500 µl pulses of the gas mixture, consisting of 6% benzene in argon, at room temperature. The samples were flushed under helium gas (flow rate, 20 ml/min) for 1 h at 30 ο C prior to recording a TPD profile. In separate experiments, samples with a saturation coverage of benzene were flushed in situ for 1 h under helium gas flow at different isothermal temperatures before the commencement of a heating ramp.
The TPD profiles were obtained over the temperature range 30-600 ο C whilst maintaining a sample under helium gas flow (flow rate, 20 ml/min), the heating rate being 10 ο C/min. This low heating rate was chosen to ascertain the temperature equilibrium of the sample for the adopted carrier gas flow conditions. The desorbed species were monitored with the help of a TCD detector. The corresponding TPD patterns were also recorded using a pristine zeolite sample, i.e. a sample subjected to similar activation treatment but with no exposure to benzene. These data were employed for baseline corrections.
IR spectra were recorded in transmission mode using a Mattson model Cygnus-100 FT-IR spectrophotometer equipped with a DTGS detector. The stainless steel cell used for this purpose had provision for the in situ thermal pretreatment of a sample under vacuum (ca. 10 −4 Torr), as described earlier (Gupta et al. 1992) . Sample wafers of 2.5 cm diameter were prepared by compressing ca. 70 mg of a powder sample at ca. 5 tonne/cm 2 pressure and 300 scans were recorded for each spectrum at a resolution of 4 cm −1 . The IR spectrum recorded for the pretreated wafer (350 ο C, 24 h) was taken as the background in order to compensate for the framework signals. Benzene vapour (6 vol% in argon) was introduced into the cell at room temperature and the IR spectra were then collected as a function of sample temperature. The absorbance values of different IR signals were taken as a measure of their relative intensities.
Since the vibrational bands in the ν(O-H) region were only poorly resolved due to scattering effects, experiments were also carried out using deuteroxylated HZSM-5. For this purpose, a sample wafer was evacuated in situ for 16 h at 250 ο C followed by heating under deuterium at 200 ο C. After such treatment, at least 50-60% of the OH groups were converted to OD groups.
RESULTS

TPD experiments
Effect of loading
Curves a-e in Figure 1 represent the TPD profiles of NaZSM-5 loaded with different amounts of benzene (0.5-7.2 molecules/unit cell). As revealed in the figure, at least three distinct stages of benzene desorption may be observed depending upon the loading. For a small loading of ca. 0.5 benzene molecules/unit cell, a very broad peak with a maximum (T m ) at ca. 320 ο C (peak T 3 ) and an onset temperature of ca. 200 ο C is observed (curve a). With increased loading, the T m of this band is shifted progressively to a lower temperature of ca. 230 ο C. At the same time, a new desorption band appears at ca. 170 ο C (peak T 2 ), the temperature and intensity depending upon the amount of benzene adsorbed. In addition, the intensity of the higher temperature band appears to saturate at a loading of ca. 3.2 benzene molecules/unit cell (curves b and c) with the two bands showing an increasing extent of overlap as the benzene loading increases.
A progressive decrease in the onset temperature for desorption is also noticeable in Figure 1 , the value being ca. 100 ο C in the case of curves c and d. Furthermore, for loadings beyond 4 benzene molecules/unit cell, a low-temperature desorption band appears at a T m value of 120 ο C (peak T 1 ), while the intensity of the higher temperature bands increase only marginally (curves d and e). A deconvolution of the TPD spectrum corresponding to curve e is presented in the inset of Figure 1 to give an idea about the relative amounts of benzene corresponding to the three desorption bands mentioned above. Table 1 lists the amount of benzene corresponding to the individual desorption profiles of Figure 1 as a function of loading.
Effect of post-exposure flushing at varying temperatures
The prevalence of the above-mentioned three desorption stages became evident when a NaZSM-5 sample loaded with 7.2 benzene molecules/unit cell was flushed in situ for 1 h in helium gas at progressively increasing temperatures, prior to recording the TPD profile. These data are given in Figure 2 . As seen from the figure, peak T 1 (Figure 1 inset) is eliminated by flushing the sample at the relatively low temperature of 60 ο C (Figure 2 , curve b). The next desorption band at 170 ο C is removed progressively on flushing at 100 ο C or above, with its peak temperature increasing from 170 ο C to ca. 200 ο C (Figure 2 , curve c). The position of the third band remains almost unchanged at 235 ο C on increasing the sample temperature to 130 ο C, even though its intensity decreases progressively. The amount of benzene corresponding to the three desorption states, as evaluated by deconvolution of the desorption profiles a-f in Figure 2 , is included in Table 2 . These data thus reveal a reverse trend for the release of trapped benzene molecules at elevated temperatures, as compared to the process of pore filling. 98 A. Sahasrabudhe et al./Adsorption Science & Technology Vol. 23 No. 2 2005 155  168  571  228  371  1097  960  146  81  181  252  219  500  833  540  --190  4  237  451  455  260  ----264  155  155  80 -
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Bands in the C-H spectral region values of the individual vibrational bands given in parentheses in the figure. On heating at temperatures above 150 ο C, new bands appear at ca. 3107 and 3057 cm −1 , the overall IR spectrum in this region being more similar to that of gas-phase benzene in terms of the splitting of vibrational bands due to PQR separation. A typical spectrum recorded at 250 ο C is shown as d in Figure 3 . A progressive temperature-induced decrease in intensity was also observed in the case of the in-plane C-C stretching vibration of benzene at 1479 cm −1 , as shown by the spectra depicted in Figure 4 . Figure 5 shows the C-H out-of-plane vibrational bands of NaZSM-5 after benzene adsorption and subsequent annealing at different temperatures (spectra b-d). As discussed in detail earlier by Tripathi et al. (2001) , the spectra in Figure 5 bands, i.e. those at 1965, 1955, 1827 and 1810 cm -1 which arise from one type of species and those at 2006, 1983, 1867 and 1850 cm -1 due to another type. These two sets of out-of-plane vibrations are attributed to the clustered state of benzene occluded in the two different channel systems of ZSM-5. It is interesting to note from Figure 5 that the relative intensity of the first set of bands decreases to a greater extent than that of the other set as a result of an increase in the sample temperature. This also indicates the entrapment of benzene at energetically distinct sites of ZSM-5. Figure 6 shows the O-D region stretching bands recorded after subjecting ZSM to heat treatment under a flow of D 2 at 200 ο C, as described in the Experimental section. The inset (spectrum b) shows the corresponding ν(O-H) bands plotted prior to this deuteroxylation. Three prominent bands occur in the ν(O-H) region with frequency maxima at 3740, 3675 and 3610 cm −1 , respectively, corresponding to the well-reported bands in the hydroxy region of the IR spectrum of ZSM-5. In fact, it should be noted that at least five distinct forms of hydroxyl groups appear to exist at 2756, 2734, 2699, 2665 and 2630 cm −1 , as seen clearly from the better resolved bands recorded for the deuteroxylated sample depicted in Figure 6 .
Hydroxy bands
The systematic influence of benzene loading on the relative intensities of these bands is depicted in Figure 7 . Since the spectrum of the unexposed pellet was subtracted as background, the IR bands pointing downwards in the figure represent those particular vibrations that are perturbed on benzene adsorption. Thus it may be noted that while the 2756 cm −1 band [corresponding to the undisplaced ν(O-H) band of silanols at 3740 cm −1 in curve b of Figure 6 ] remains almost unaffected at the lower loading of ca. 0.64 molecules/unit cell, all the other four vibrations experience an almost simultaneous perturbation (spectrum a of Figure 7) . The perturbation of the 2756 cm −1 band increases progressively with increasing benzene loading and so does the intensity of other bands in the ν(O-H) region, although to a different extent. The following trends may be noted from these data:
1.
The intensity (absorbance value) of the bands corresponding to the internal silanol group, such as that at 2665 cm −1 , decreases as the benzene loading is increased from 0.64 to 1.0 molecules/unit cell and then remains unaffected at higher loadings. The same is true for the corresponding internal OH groups which give rise to the band at 2731 cm −1 .
2.
Another band at 2700 cm −1 , which also corresponds to the internal OH groups, shows a decrease in absorbance from −0.0021 to −0.008 when the benzene loading is increased from 0.64 to 3.2 molecules/unit cell. Again, the intensity of this band remains unchanged for higher loadings. 
3.
In an apparent variation to the above behaviour, the bands corresponding to the surface silanol groups, such as that at 2756 cm −1 , exhibit a consistent increase in absorbance with an increase in benzene loading.
These observations clearly demonstrate the sequential occupation of the three different sites (two internal and one surface) as a function of benzene loading.
DISCUSSION
The sorption and diffusion of hydrocarbon molecules in the pores of different zeolites has received much attention because of the significance of these processes in chemical technology [see reviews by Kärger and Ruthven (1991) and Barthomeuf (1996) ]. For this reason, a large number of studies have been devoted to zeolite-type materials in order to investigate the role played by the pore structure and the nature of the hydroxy groups in the transport of various sorbate molecules through the channel system of the molecular sieves. In addition, the importance of the critical size and configuration of sorbate molecules in their diffusion through porous materials has been emphasized in a number of studies (Choudhary and Srinivasan 1986; Choudhary et al. 1992 Choudhary et al. , 1997 Wu et al. 1983; Haag et al. 1981 ). Thus, for example, Choudhary and co-workers (1997) have demonstrated that the transport of bulky sorbate molecules in the channels of ZSM-5 zeolite may occur only if, firstly, the molecule is compressed so that it fits into the zeolitic channel and, secondly, if it possesses sufficient energy to overcome the barrier for entry into this channel. In a parallel study, Talu et al. (1989) have discussed the restricted orientation of molecules in the confined spaces of zeolites. Similarly, the location of hydrocarbon molecules such as benzene in the pores of ZSM-5 is found to depend upon the loading, even though differing views have been expressed in this regard. Thus, Shah et al. (1995) reported that benzene molecules occupy straight channels at low loadings but migrate to intersections at higher loadings. In contrast, other studies have suggested that the benzene molecules initially occupy the intersections and migrate to straight and sinusoidal channels only at higher loadings (Shah et al. 1995; Snurr et al. 1994; Sacerdote et al. 1990; Huang and Havenga 2000) . In addition, various microscopic techniques such as pulsed-fieldgradient nuclear-magnetic resonance (Kärger and Pfcifer 1976) and quasi-elastic neutron scattering (Jobic et al. 1987) , and macroscopic methods such as frequency response (Shen and Rees 1994), zero-length-column (Eic and Ruthven 1988) and single-crystal membrane (Talu et al. 1998) techniques have been employed to monitor the diffusivities of hydrocarbon molecules under steady-state conditions. However, most of these studies have been confined to low coverages and to the kinetic aspects of diffusion processes in microporous materials.
As mentioned above, we demonstrated in our earlier studies that the room-temperature adsorption of benzene onto ZSM-5 zeolite led to the molecules existing in a highly compressed quasiequilibrium state for loadings of 0.1-6 molecules/unit cell. The physical form of this benzene lay somewhere between that of its liquid and solid states. These inferences were drawn on the basis of the splitting observed in the out-of-plane C-H bending vibrational bands of benzene molecules confined in a HZSM-5 host matrix ( Figure 5, spectrum a) and also on the basis of the intensity ratio of the in-plane C-C stretching band (ν 19 ) appearing at 1479 cm -1 due to fundamental and combination C-C and C-H stretching vibrations (Figure 4 , spectrum a). We have previously given a detailed description of these aspects . Spectra c and d in Figure 3 reveal the appearance of PQR branches in the C-H stretching (ν 20 ) and combination C-C (ν 1 + ν 6 + ν 19 and ν 19 + ν 8 ) vibrations of benzene at annealing temperatures above 150 ο C. This indicates that the molecular clusters of benzene are quite stable and dissociate only at elevated temperatures. This is in agreement with the progressive increase in width of the IR vibrational bands in Figures 3 and  4 , as shown by the FWHM values listed in Table 3 . The spectra depicted in Figure 5 also reveal that the lower frequency side pairs of bands (i.e. one pair of 1965 and 1950 cm −1 and the other of 1827 and 1810 cm −1 bands) are more affected on annealing compared to the other pair. This indicates the selective removal of only a part of the entrapped benzene on raising the temperature above ca. 80 ο C. The above-mentioned suggestions are corroborated by the TPD results depicted in Figures 1 and 2. The profiles in these figures reveal that the benzene adsorbed in HZSM-5 zeolite is released in at least three different stages on thermal activation, the maximum for these stages occurring at ca. 120, 170 and 230 ο C. These three stages may be related to the three distinct sites for benzene confinement. As seen clearly in these data, the filling of a specific site depends upon the benzene loading with the site corresponding to high activation energy being filled first. Release of the trapped benzene molecules follows the reverse of this trend. The data listed in Tables 1 and 2 show that the filling and emptying of the occluded benzene are highly reproducible and reversible processes, with finite amounts of guest molecules occupying specific zeolitic sites.
The sequence of filling or emptying the different storage sites becomes evident from the IR results depicted in Figure 7 . The IR bands in the 2760-2400 cm −1 spectral region shown in Figure 6 indicate the presence of at least five distinct kinds of hydroxyl groups. The prominent ν(O-D) region vibrational bands at 2756 and 2665 cm −1 in Figure 6 correspond to the well-reported ν(O-H) bands at 3740 and 3610 cm −1 (Figure 6, spectrum b) , and are normally assigned to terminal silanol groups (≡Si-OH) at external surfaces and to the bridging Si-OH-Al sites, respectively, in ZSM-5 zeolite (Zecchina et al. 1992) . The OD region of the spectrum in this figure reveals at least three more weak but well-separated vibrational bands. The presence of multiple ν(O-H) vibrational bands in HZSM-5 and in alkali-exchanged samples has also been reported in previous publications. Thus Lercher and co-workers, for example, have reported five different hydroxy group bands appearing at frequencies of 3745, 3725, 3690, 3610 and 3500 cm −1 (Warecka et al. 1988) . The bands other than those at 3745 cm −1 and 3610 cm −1 are normally attributed to two types of terminal SiOH groups, hydroxyls on Al 3+ or some other hydrogen-bonded SiOH groups.
Thus, taking the absorbance values given in parentheses as a rough estimate of the relative intensity, the ν(O-D) bands in Figure 7 provide information about the influence of benzene loading on individual hydroxyl groups. Thus, spectrum a in Figure 7 reveals that the external silanol groups remain almost unaffected on increasing the benzene loading up to 0.64 molecules/unit cell. Most of the benzene molecules may thus occupy the internal zeolitic sites, as is seen from the simultaneous appearance of all the other four vibrational bands at 2731, 2100, 2700 and 2629 cm −1 with their negative absorbance values. The band observed at 2756 cm −1 in spectrum b of Figure 7 reveals that a considerable amount of benzene is adsorbed at the external surface of ZSM-5 channels, even for a loading of 1 molecule/unit cell, resulting in the perturbation of the external silanols.
CONCLUSIONS
The TPD and FT-IR results described above are in agreement with the view that the sorption of benzene molecules into the channels of ZSM-5 follows a pattern similar to the condensation of fluids in narrow capillaries . Due to capillary action, the benzene molecules exist in a compressed (clustered) state in the confined spaces of the zeolitic pores, and these clusters are stable at temperatures well above the boiling point of benzene. Our data reveal that the sequential filling or emptying of the pores depends not only upon the size or structure of the zeolite channels but also on the sample temperature. It is suggested that the narrower elliptical channels of 5.1 × 5.5 Å dimensions are filled first, followed by the filling of the near-circular (5.6 × 5.4 Å ) straight channels. At the same time, a considerable amount of benzene remains adsorbed at external silanol sites even at low loadings. This sequence is reversed during emptying of the pores on thermal activation. The results of this study also show that the filling and emptying of occluded benzene are highly reproducible and reversible processes, with finite amounts of guest molecules occupying specific locations depending upon the loading.
